We analyze the scattering of a plane TE electromagnetic wave of the visible range of wavelengths by a silver nano-cylinder with a concentric dielectric coating. The emerging plasmon resonances are treated using both the conventional presentation of the spatial distribution of the field amplitude nearby the object and by the spatial distribution of the Umov-Poynting vector. We demonstrate that application of the Umov-Poynting vector has obvious advantages: the standing and traveling waves are well resolved, simultaneously; the object interfaces become clearly visible in the spatial distribution. Unexpected impact is observed of the dielectric constant of the coating on the type of the plasmon resonance and the spatial field distribution.
I. INTRODUCTION
The surface plasmon resonance (e.g., in the noble metal nanotubes) continues attract much attention of researches. Plasmons are the surface waves observed at the metaldielectric interface at frequencies when the real part of dielectric permittivity of the metal becomes large and negative. This occurs in optical range of wavelength where the noble metals acquire such plasma-like features, and one might observe the resonance scattering and absorption of incident light governed by the localized surface plasmons [1] [2] [3] .
To find the plasmon resonance frequency, one has to solve the Maxwell's equations with the given sources. Usually, the problem is addressed of the diffraction of the plane electromagnetic wave at a cylinder or a tube of real metal covered by a dielectric coating. In this case, the plasmon resonance is observed in the form of relatively wide peaks in the spectra of the total scattering cross-section of the object being the function of frequency of the incident wave. As a rule, the spatial distributions of the field amplitude in the vicinity of the scattering object are constructed relevant to the resonance frequencies, which directly visualize the plasmon and the volume resonance (if any).
In the present report, the plasmon resonances are treated using both the amplitude distribution of magnetic field H z and the spatial distribution of the radial and the azimuthal components of the Umov-Poynting vector. We demonstrate that the Umov-Poynting vector has some obvious advantages in visualizing plasmons, and it simultaneously reveals specific features invisible in the sole fields.
SCATTERING PROBLEM
We consider the H-polarized (TE) plane electromagnetic wave normally incident from the free space on a circular metal cylinder of the radius а 1 , covered by the dielectric layer of the thickness h and the permittivity ε d , see Fig. 1 . The polar cylindrical coordinate system (r,ϕ, z) is introduced, which is coaxial with the scatterer. The time dependence is of the form [~exp(+iωt)]. The H-polarized plane wave propagates from the right to the left along the x-axis. The cylinder is infinite along the z-axis, and the incident electromagnetic field does not depend on z. Thus obtain the 2-D scattering problem, in which the scalar function H z (r,ϕ) is sought that is the magnetic field z-component in the coaxial polar coordinates. It must satisfy the Helmholtz equation and the boundary conditions, and the scattered field must satisfy the radiation condition at infinity. Using the separation of variables, we found the analytical solution in the form of infinite Fourier series with the unknown coefficients. The coefficients are the reflection and transmission coefficients at the interface of each layer. These coefficients are obtained from the system of four linear equations, which was solved numerically. In the field expansions of the diffraction problem, we used the modified Bessel functions having the imaginary argument [4] . In computations, the complex dielectric permittivity of the noble metal was used that was found by interpolating the available experimental optical data for silver [5] . 
RESULTS OF NUMERICAL SIMULATION
In our computations, we use the traditional value characterizing the various scatterers -the total scattering cross-section (σ sc ). It is described by the following formula:
where Φ(ϕ) is the scattered field pattern in the far zone. It can be found analytically, as well as the coefficients R m (3) -see e.g. [6] . Figure 2 shows the plots of σ sc versus the wavelength, for the silver nanowire (smooth curve) and the silver nanowire with the dielectric cover (curve with points). The nanowire radius was a 1 = 50 nm, the dielectric cover had the thickness of h = 30 nm and the relative dielectric permittivity ε d = 12. One can observe in Fig. 2 how a dielectric coating shifts the plasmon resonance to the longer waves. Figure 3 demonstrates the two-dimensional distribution of the magnetic field H z amplitude nearby the object at the resonances visible in Fig. 2 at 346 and 650 nm. Obviously, this is the plasmon (the surface wave) resonance of the dipole type P 1 , which corresponds to the single variation along the To improve visualization of plasmon resonance and relevant field distribution we apply the Umov-Poynting vector. First of all, we consider same resonance of the silver coated wire occurring at λ = 650 nm. The real part of Umov-Poynting vector describes the traveling wave and the imaginary part corresponds to the standing wave.
Formally, the spectral components of the complex UmovPoynting vector are found from the equation:
where E =(E r , E ϕ , 0) is the electric and H =(0, 0, H z ) is the magnetic field vector, * denotes the complex conjugate. In cylindrical coordinates formula (2) becomes equal to: P= e r P r +e ϕ ϕ P ϕ =e r E ϕ H z *−e ϕ E r H z * (3) where e ϕ and e ϕ are the radial and the azimuthal unit vectors of the coordinate system. Figure 4 displays the spatial distribution of the UmovPoynting vector for the silver nanowire with the dielectric coating.
(a) (b) (c) (d) Fig. 4 Spatial distribution of Umov-Poynting vector for a silver nanowire with dielectric cover at 650 nm, real and imaginary parts of radial and azimuthal components.
We observe the two closed azimuthal vortices in the power flux or the real part of P ϕ component. These have the opposite directions at the top and at the bottom of the object. The real part of orthogonal P r component does not contain such obvious localized vortices associated with the metaldielectric boundary. Here, the swirling motion is concentrated inside the dielectric cover. Thus, the traveling waves within the dielectric cover also contain the system of closed vortices.
Comparing plots (a) and (b) of Fig. 4 we observe that the number of vortices in the standing wave is doubled in comparison with the traveling wave and their size is reduced accordingly. We see from Fig. 4b that the eddy motion in the azimuthal imaginary part of the Umov-Poynting vector is further complicated by kind of splitting. Now, the whirl includes the metal-dielectric interface as it was observed in the real part of the P ϕ component, but additionally it splits into a pair of vortices along the ϕ coordinate. Thus, the standing wave doubles the vortices, which change the sign across the metal-dielectric interface (r = a 1 ) and when passing the angular coordinate of the maximum of the real part of P φ flux.
We should also note that spatial distributions of the UmovPoynting vector clearly outline not only the plasmons, but also the interfaces of the object. This facilitates interpretation of the data.
In Fig. 5 the results of computations for more realistic silicon dioxide cover having the permittivity ε d = 2.4 are presented. The geometrical parameters are the same as in Fig. 2 . After comparing plots of Fig. 2 and 5 , we note that the reduction of the dielectric permittivity of the cover has led to a significant shift of the resonance scattering toward shorter wavelengths: from 650 nm to 390 nm. Figure 6b shows the spatial distribution of the field amplitude |H z |, corresponding to the maximum of the total scattering cross-section shown in Fig. 5. (b) Fig. 6 . In-resonance magnetic field pattern for a silver nanowire with dielectric cover at λ = 381.3 nm As one can see, this result hardly could be expected: the reduction of the cover dielectric permittivity to ε d = 2.4 resulted in excitation of the higher order plasmon resonance, the quadruple P 2 type having m = 2. This behavior seems odd, as the "electric size" of cover has decreased due to reduction of dielectric permittivity. Such a behavior arises from alterations of the relevant eigen-values of the problem. The lower permittivity of the cover increases the imaginary part of the eigen-value relevant to the dipole plasmon resonance P 1 so that this surface resonance mode severely attenuates, and the corresponding peak in the spectrum of the total scattering cross-section disappears. Concerning the quadruple plasmon resonance P 2 , the reduction of the coating dielectric constant decreases the imaginary part of its eigen-values, and the resonance P 2 is efficiently excited by the incident plane wave. Fig. 7 displays the spatial distribution of the UmovPoynting vector for a silver nanowire with silicon cover ε d = 2.4 at the resonance wavelength of 381.3 nm. As one can see, the energy flux has significantly changed the azimuthal and radial configuration. 
CONCLUSIONS
We investigated the scattering of a plane H-polarized electromagnetic wave by the silver nanowire with concentric dielectric cover in the visible range of the wavelengths. We used the solution of the diffraction problem of a plane wave at the layered circular dielectric cylinder. Computations show that application of the Umov-Poynting vector separates the traveling and standing waves in the scattering object in more detail. It allows observe additional features that were not visible in the distribution of the amplitudes of electromagnetic field components. Concurrently with the spatial distribution of the Poynting vector presenting the plasmons resonance, the interfaces of the object are clearly outlined thus facilitating the interpretation of the data. Alterations of the dielectric constant of the cover might provide changed in plasmon resonance that do not follow from elementary considerations.
